Chronic psychosocial stress is an important environmental risk factor of psychiatric diseases such as schizophrenia. Social defeat in rodents has been shown to be associated with maladaptive cellular and behavioral consequences including cognitive impairments. Although gene expression changes upon psychosocial stress have been described, a comprehensive transcriptome profiling study at the global level in precisely defined hippocampal subregions which are associated with learning has been lacking. In this study, we exposed adult C57Bl/6N mice for 3 weeks to "resident-intruder" paradigm and combined laser capture microdissection with microarray analyses to identify transcriptomic signatures of chronic psychosocial stress in dentate gyrus and CA3 subregion of the dorsal hippocampus. At the individual transcript level, we detected subregion specific stress responses whereas gene set enrichment analyses (GSEA) identified several common pathways upregulated upon chronic psychosocial stress related to proteasomal function and energy supply. Behavioral profiling revealed stressassociated impairments most prominent in fear memory formation which was prevented by chronic lithium treatment. Thus, we again microdissected the CA3 region and performed global transcriptome analysis to search for molecular signatures altered by lithium treatment in stressed animals. By combining GSEA with unsupervised clustering, we detected pathways that are regulated by stress and lithium in the CA3 region of the hippocampus including proteasomal components, oxidative phosphorylation, and anti-oxidative mechanisms. Our study thus provides insight into hidden molecular phenotypes of chronic psychosocial stress and lithium treatment and proves a beneficial role for lithium treatment as an agent attenuating negative effects of psychosocial stress on cognition.
Introduction
Chronic psychosocial stress is an important environmental factor contributing to the development of psychiatric diseases (reviewed in ref. 1 ). Bullied victims have increased risk of psychiatric disorders including schizophrenia (reviewed in refs [2] [3] [4] [5] [6] ). Moreover, the exposure to traumatic experiences is positively correlated with severity of schizophrenia symptoms such as hallucinations, delusions, and specific forms of cognitive dysfunction 7 (reviewed in ref. 3 ). In mice and rats, the resident-intruder paradigm is a translationally validated model of social defeat, 8, 9 analogous to bullying in everyday life, where the resident represents the dominant individual and the intruder the defeated one. 10 Psychosocial stress evokes varying physiological changes in rodents 11, 12 including behavioral alterations resembling depressive symptoms, eg, anhedonia, reduction of activity, curiosity, syndrome 23 and prevents cognitive loss in Alzheimer patients in low doses. 24 Corresponding to its actions in humans, Li treatment modulates mood-related behavior in rodents, such as behavioral despair and cognitive judgment bias, 25, 26 alleviates impaired cognition in a mouse model of fragile X syndrome, 27 Alzheimer disease 28, 29 and improves behavioral performance in a mouse model of traumatic brain injury. 30 Moreover, it was suggested that it may counteract some effects of chronic stress regarding spatial memory formation, 31 although molecular mechanisms remain elusive.
The molecular mode of action of lithium is unknown. Pleiotropic effects described include GSK3ß inhibition, activation of Wnt signaling and modulation of clock gene expression via the nuclear receptor rev-erbα. 28, 32, 33 Lithium treatment has been shown to increase BDNF expression in the hippocampus 34 and reverses stressinduced upregulation of CRE/CREB directed gene transcription. 35 The molecular consequences of chronic psychosocial stress are also not well understood although some studies have been performed in rodent models. 11, [36] [37] [38] [39] Given the enormous cellular diversity and complexity of the brain, all of these studies, however, were limited by the absence of a precise regional or cellular resolution. To overcome some of the limitations of previous analyses, we combined precise isolation of subregions of the hippocampus with global transcriptome profiling to identify molecular signatures of chronic psychosocial stress. Moreover, we assessed the effects of chronic Li treatment on the maladaptive behavioral and cognitive consequences of psychosocial stress. Finally, we could identify a common molecular signature of psychosocial stress as well as Li treatment in the CA3 region of the hippocampus correlating with improved cognitive performance.
Materials and Methods

Mice
C57Bl6/J male mice in the age of 7-8 weeks (body weight in average 21.1 g ± 0.69 SD) were purchased from Charles River Laboratories and habituated for 1 week to colony room prior experiments. Animals were housed in individual cages in colony room under standard conditions (12 h light/dark cycle with 8:00/20:00 lights on/off, at 21 ± 2°C and food and water ad libitum). As residents we used individually housed 1-yearold FVB/N male mice (Charles River Laboratories) due to the fact that this strain is characterized by higher level of offensive behavior in resident-intruder paradigm than C57Bl/6. 40 To prevent olfactory habituation to residents, FVB/N colony was housed in another room than C57Bl/6J mice. All experiments with mice were performed in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Treatment
Lithium chloride was dissolved in water (300 mg/l) available to mice ad libitum. Treatment was started 1 day before chronic psychosocial stress or control procedure and was continued throughout behavioral testing.
Experimental Design
In the first experiment (figure 1a), we used C57Bl/6J mice exposed to chronic social defeat or to control conditions (n = 5 per group). After 3 weeks of daily social defeat, mice were sacrificed by cervical dislocation and brains were used for laser capture microdissection (LCM) and gene expression analysis.
In the second experiment, we used C57Bl/6J male mice divided into experimental groups: stressed and control mice with or without supplementary lithium in drinking water (figure 3a). After 3 weeks of corresponding treatment mice were subjected to behavioral tests (see supplementary information and ref. 41 ).
Microarray Analysis
RNA isolation from brain tissue and probe synthesis were performed as described previously. 42 The Gene Set Enrichment Analysis (GSEA) approach 43, 44 was used to identify coordinated changes in a priori defined sets of functionally grouped genes. See supplementary information for details.
Social Stress Procedure and Behavioral Testing
The resident-intruder paradigm, as a model of social defeat, was described elsewhere for rats 15, 45 and for mice. 12, 14 The most of behavioral experiments were performed as described 41 (see also supplementary information). Working memory performance was assessed in radial arm water maze (RAWM) following a protocol of ref. 46 with some modifications. 47 
Statistical Analysis of Behavioral Data
Behavioral data were analyzed with the Mann-Whitney test or 2-way ANOVA and Bonferroni post-tests where applicable with a cut-off value P < 0.05. Data are shown as mean ± SEM in figures and text if not otherwise stated. The behavioral data were analyzed using the software GraphPad Prism4 (GraphPad Software).
Results
Gene Expression Signatures of Social Defeat in Subregions of the Hippocampus
To study transcriptomic signatures of chronic psychosocial stress in precisely isolated subregions of the hippocampus, we exposed adult C57Bl/6J male mice to 3 weeks of social defeat in a resident-intruder paradigm (referred to throughout the manuscript as "stress") or to control procedure (figure 1a). Twentyfour hours after the last stress session, brains were sampled and dentate gyrus (DG) and CA3 neurons were isolated by laser capture microdissection (figure 1b) . DG and CA3 are nearly exclusively comprised of granule cells or pyramidal neurons, respectively, thus representing rather homogenous cellular samples. We chose the dorsal part of the hippocampus as it seems to be particularly important for the encoding of memories. 48, 49 We first evaluated the precision of the sampling procedure (figure 1a) and performance of the microarray results by comparing DG and CA3 expression patterns. We detected 899 and 797 genes to be specific or enriched in DG vs CA3 samples, respectively (supplementary table 1). For selected subregion-specific genes, Fig. 1 . Experimental design and transcriptional profiling. (a) C57Bl/6J male mice were exposed to chronic psychosocial stress or control conditions for 3 weeks. Mouse brains were harvested 24 h after the last stress or control handling session. Dentate gyrus (DG) and cornum ammonium 3 (CA3) subregions of the hippocampus were isolated by laser capture microdissection (LCM). Isolated RNA from specific regions was subjected to transcriptional profiling using microarrays. (b) Analysis at the individual gene level (performed by ANOVA) revealed that the majority of mRNAs were upregulated upon psychosocial stress in a region specific manner (172 in CA3 and 189 in DG, "stress up"); only 19 were upregulated in both regions. Stress lowered the expression of 91 genes in CA3 and 9 in DG in a nearly strict region specific manner with only 1 co-regulated gene ("stress down"). Cut-off for selection fold-change (FC) >1.5 or FC < −1.5 and P < 0.005. See supplementary tables 2-5 for details. Network analysis of genes identified as upregulated in DG (c) and CA3 (d).
Internal connectivity was determined with the String algorithm, the largest cluster is depicted for each region. Both networks separate into 2 distinct highly interconnected sub-cluster termed "stress response" (upper cluster) and "OxPhos" (lower cluster). The "stress response" subcluster contains prototype stress associated hub genes such as heat shock proteins (Hspa1a, Hspa5, Hspa9) as indicated. The OxPhos cluster is comprised of hub genes encoding, eg, members of complex V (ATPase) of the respiratory chain (such as Atp6v1a, Atp6v1b2, Atp1b1) (see also supplementary tables 2 and 4).
we corroborated the microarray findings by scanning in situ hybridization (ISH) profiles from the Allen Brain Atlas (http://www.brain-map.org/). For 3 CA3 specific genes (Neurod6, Elavl2, Lpl) and 3 DG specific genes (Dsp, Calb1, DOH4S114) the ISH analysis validated the regional selectivity and thus, the isolation and microarray performance (supplementary figure 1) .
We then compared gene expression differences of chronic psychosocial stress in CA3 and DG at the individual transcript level (figure 1b, supplementary tables 2-5). We detected 172 and 189 genes as upregulated (supplementary tables 2 and 3) and 91 and 9 as downregulated (supplementary tables 4 and 5) under stress in DG and CA3, respectively. The hippocampal expression of selected candidates was again evaluated with available ISH data from the Allen Brain Atlas and showed heterogeneous, mainly neuronal expression patterns in the adult mouse brain (supplementary figure 2). The overlap of individual genes to be co-regulated in both regions was considerably low, with 19 co-upregulated and 1 gene co-downregulated, respectively (figure 1b), suggesting a highly region specific transcriptional response program.
Next, we used the String algorithm to identify and visualize potential clusters of functionally grouped genes (see supplementary information for details). 50 This analysis revealed 1 large bimodal cluster comprised of 2 connected yet separate subnetworks for stress upregulated genes in CA3 and DG ( figure 1c and 1d) . Each of the larger subnetwork contains several prototypical stress-response genes such as heat-shock proteins (eg, Hspa5, Hspa1a, Hspa9) and other chaperones (see also supplementary tables 2 and 3) and was thus termed "stress response" (figure 1c and 1d). The smaller subnetworks contains several components of the respiratory chain/oxidative phosphorylation (Atp1a1, Atp6v1a, Atp6v1b, Atp1b1) and was thus termed "OxPhos" (figure 1c and 1d). Notably, all of these genes were among those upregulated upon stress in both regions ( supplementary table 6 ). Moreover, "oxidative phosphorylation" was the most significantly enriched KEGG pathway (GO_id: mmu00190) in both regions (CA3: FDR corrected p-val 0.01, DG: FDR corrected pval <0.001) (supplementary table 7 ).
This analysis suggested that the molecular stress response, although highly distinctive at the level of individual genes (figure 1b), appears to share a similar architecture and involved pathways (figure 1c and 1d). To substantiate this finding, we used a knowledge-based approach and applied a gene-set enrichment analysis (GSEA) with a priori defined pathways as references. 44 With this approach, highly sensitive analyses of transcriptome data can be performed that allow to detect changes at the pathway level potentially hidden in genecentric approaches. 43 This analysis identified 16 CA3 and 19 DG upregulated pathways of which 9 were co-upregulated in both regions representing 56% and 47% overlap, respectively (figure 2a). No pathway was detected as downregulated in CA3; however 11 were upregulated in DG (figure 2b). Among the top upregulated gene-sets (with FDR q-val <0.3), there were 3 major metabolic pathways (ATP-Synthesis, oxidative phosphorylation, and the TCA cycle) and genes encoding components of the proteasome supporting our assumption of a common stress signature in CA3 and DG (figure 2c). Heatmap clustering of members of the components of complex V of the respiratory chain, the "ATP-synthesis" (F0F1-ATPase) pathway, clearly indicated that the majority of the members are upregulated upon stress (figure 2d), whereas only 3 of those were identified with the statistically more selective gene-by-gene analysis (supplementary table 6). In summary, psychosocial stress causes specific responses as well as common transcriptional adaptions including core metabolic pathways in pyramidal and granular neurons of the CA3 and DG regions of the hippocampus.
Behavioral Profiling of Psychosocially Stressed Mice
The central aim of this study was to characterize molecular signatures of psychosocial stress paralleling cognitive impairments and to identify which of these correlate with a beneficial treatment indicating key target mechanisms. Based on available literature 51 we speculated that contextual and cued fear conditioning should allow profiling psychosocial stress-induced alterations in hippocampusdependent cognitive performance in mice. Moreover, we hypothesized that chronic Li treatment could ameliorate cognitive impairments to enable studying the underlying transcriptional changes. Therefore, we exposed cohorts of C57Bl/6J male mice to 3 weeks of chronic psychosocial stress utilizing the resident-intruder paradigm or to a control procedure and exposed both groups to Li solution treatment or water (figure 3a).
In accordance with published observations, 52 Li treatment slightly reduced body weight only in stressed animals proving treatment effects and interaction of Li and stress (supplementary figure 3a) . Importantly, stressed and control animals drunk a similar volume of water independent of Li supplement (5.826 and 5.595 ml of LiCl solution for control and stressed groups, respectively; supplementary figure 3b) corresponding to 11.89 mg Li/kg for control and 11.96 mg Li/kg for stressed animals. This Li dose results in Li concentration in serum between 0.12 and 0.25 mM, which is below the therapeutic concentration in patients.
hardly any effects of Li treatment on these parameters (summarized in supplementary figure 4).
Li Treatment Prevents Stress-Dependent Cognitive Impairment
We applied the contextual and cued fear conditioning test to assess hippocampus-dependent memory formation and recall for all treatment groups ( figure 3a and 3b) . Neither stress nor Li treatment affected baseline freezing behavior prior conditioning (figure 3b). In the contextual memory test we found a close to significance interaction of factors stress and lithium treatment (P = 0.08). Stress significantly reduced freezing rates in the cue paradigm (P < 0.05) (figure 3b). Stress dependent cognitive impairments observed in cue fear memory formation were completely rescued by Li treatment (P < 0.01; figure 3b) . Moreover, Li treated mice displayed significantly higher freezing rate in the context (P < 0.05). These changes cannot be contributed to altered pain perception as the pain sensitivity was influenced neither by stress nor by lithium treatment (supplementary figure 3c) . We also assessed the effects of Li treatment in a RAWM monitoring spatial learning and working memory 46 (supplementary figure 5). Li treatment had no effect in unstressed mice (supplementary figure 5a), but significantly improved cognitive performance in stressed animals (supplementary figure 5b) supporting the findings of the fear conditioning.
Common Molecular Signatures of Psychosocial Stress and Li Treatment
So far, we characterized stress-associated molecular signatures in the DG and CA3 region as well as cognitive impairments in hippocampus dependent tasks ( figures  1-3) . Moreover, stress-induced cognitive impairments were substantially mitigated by Li treatment (figure 3). We next asked if and which molecular signatures might potentially be regulated both by psychosocial stress and Li treatment in the CA3 region of the dorsal hippocampus (figure 4a), as a region important for learning and memory. 48, 49 By applying the identical stringency cut-off for the individual gene-level analysis (P < 0.005, fold-change > 1.5 < −1.5), we detected only 22 genes that were regulated by Li treatment in stressed animals (20 up, 2 down upon Li) (supplementary figure 6a, supplementary table 12 ). Only one gene, Gdap1, had been detected already in the CA3 response profiles as stress-downregulated gene (supplementary table 12 ). Notably, GDAP1 (gangliosyde induced differentiation associated protein 1) is localized to the outer mitochondrion membrane and has been associated with peripheral neuropathies of the CharcotMarie-Tooth (CMT) 4A subtype. 55 Inspecting in situ hybridization data from the Allen Brain Atlas revealed an expression pattern mainly confined to neurons of the cortex and hippocampus including the CA3 region (supplementary figure 6b). Using the String algorithm, we searched for interaction partners of GDAP1 that might reveal insight into functional relationships. This analysis revealed 2 associated functionally grouped genes, one associated with the synthesis and metabolism of the antioxidant glutathione, the other linking several axonal and . When analyzing vehicle treated animals during cue presentation (cue), stressed animals showed significantly less freezings than controls (P = 0.0225; Mann-Whitney test). A 2-way ANOVA performed on all experimental groups revealed a significant effect of treatment (F 1,46 = 13.61; P = 0.0006) and a close to significant interaction treatment × stress (F 1,46 = 3.53; P = 0.0665; 2-way ANOVA); however, no effect of stress (F 1,46 = 2.03; P = 0.1612). Post hoc Bonferroni comparison showed that stressed animals treated with lithium displayed significantly more freezings than untreated stressed controls (P < 0.01). n = 8-15 per group. We next applied the more sensitive GSEA approach to further identify commonalities of psychosocial stress and Li treatment at the level of gene expression signatures ( figure 4b and 4c) . By using a rank-order statistics, the GSEA algorithm detected robustly shifts in functionally grouped genes as exemplified by the coordinated downregulation of ribosomal proteins upon Li treatment (figure 4b). We also plotted the enrichment score vs the FDR q-value and nominal p-value of all stress vs control regulated pathways in DG to depict deregulated pathways (figure 4c). To identify common signatures of stress and Li treatment, we used the stringent FDR q-value to perform an unsupervised hierarchical clustering comparing stress associated gene-sets from DG and CA3 (supplementary tables 8, 9, and 11) and those obtained under Li-stress conditions in CA3 (supplementary tables 14 and 15) depicted as a heatmap (figure 4d). The combined GSEA/ clustering approach identified a common "core" set of pathways that are regulated under stress in DG and CA3 and upon Li treatment in CA3 comprised of the "proteasome," "ubiquinone," and "oxidative phosphorylation' pathways ( figure 4d) . Notably, all of these were upregulated under stress in DG and CA3 and downregulated in CA3 upon stress when Li treatment was performed and was highly efficient in ameliorating hippocampus-dependent learning impairments (figure 3b). Our findings suggest that this cluster indicates a core set of "protective" mechanisms of Li actions in the hippocampus.
Discussion
In this study, we examined the effects of chronic lithium treatment in mice exposed to chronic psychosocial stress at the behavioral and molecular level. We aimed at identifying transcriptional profiles caused by psychosocial stress in subregions of the hippocampus which are known to be involved in cognitive processing. Moreover, we applied sophisticated bioinformatic analyses to characterize molecular signatures of Li treatment that correlate with the amelioration of stress-associated cognitive impairments. Our final goal was to identify key cellular mechanisms which are treatment-accessible, and operate in the hippocampus.
Psychosocial Stress Induces Treatment Responsive Cognitive Impairments
In our study, chronic psychosocial stress-increased anxiety, and diminished physical activity and exploratory behavior, which is in line with earlier observations. [13] [14] [15] [16] 56 At the cognitive level, chronic psychosocial stress reduced fear memory in contrast to some previously published reports 11, 16, 56 which, however, employed different stress paradigms. In addition, upon social defeat we did not observe an impairment in RAWM paradigm, assessing spatial working memory. 46 In contrast, Yu et al 16 reported that social defeat induced impairments in spatial working memory monitored, however, by a T-maze whereas spatial reference learning and memory formation remained intact as assessed with the Morris water maze. 11, 16 It has been observed previously, that stress can induce diverse effects on cognitive functions depending not only on the respective stress paradigms, intensity and duration but also on the applied learning task and intervals between stress exposure and cognitive phenotyping which may explain differences between superficially similar reports. 57 Nonetheless, the fear memory impairment induced by social defeat that we observed in this study was efficiently prevented by a chronic Li treatment. Furthermore, we could show that Li improved the performance in the RAWM in stressed but not control animals. Similarly to these findings, Li treatment alleviated spatial processing impairments in Fmr1 27 and APP null mutant mice 28, 29 supporting our results. In summary, our findings showed that psychosocial stress induces treatment responsive impairments of hippocampus dependent cognitive processing that allowed us to study associated molecular mechanisms.
Assessing Transcriptional Signatures with High Regional Precision
There are some studies on transcriptional alterations upon psychosocial stress in rodent models 11, 36, 38, 39, 58 which, however, targeted different brain regions and lacked a precise, cell type specific resolution. In our study, we have chosen dorsal hippocampus as a region which is stress vulnerable and important for encoding of memories. 48, 49, 59 The hippocampus is anatomically and functionally subdivided into different subregions including the CA fields and the DG which are mainly comprised of glutamatergic pyramidal and granule neurons, respectively, and are molecularly highly divergent. 60 The comparison of CA3 and DG specific gene expression profiles from our study strongly supported these findings and validated our technical approach. The DG has been associated as a target region involved in adaptive processes underlying depression and stress. 59 In the future, our approach could be extended to other regions or cell-types of hippocampus, eg, ventral part due to its proposed role in modulating dopamine functions in schizophrenia. 61 Moreover, although technically challenging, profiling of isolated parvalbumin-positive interneurons of the hippocampus might as well represent an interesting option for future applications given the implication of these cells in chronic stress and schizophrenia. [62] [63] [64] When analyzing physiological and subtle pathophysiological conditions at the molecular level, such as chronic psychosocial stress and treatment effects, in such a diversified structure like the hippocampus, subregion specific resolution of isolation is essential. In consequence, a meaningful interpretation of the molecular responses requires precise sampling strategies to avoid biases caused by heterogeneous cellular samples. 42, 60 Thus, we are convinced that our approach combining highly precise sampling procedures using LCM joined with microarray analysis and sophisticated bioinformatic tools is optimally suited to obtain the critical gain of resolution and sensitivity in detecting relevant changes in gene expression upon social defeat and Li treatment. Another strategy could involve isolation of precisely defined cell types. For that, a combined approach of LCM with immunohistochemical staining or FACS enrichment could be applied. [65] [66] [67] Alternatively, given the high effort of isolating pools of individual cells with LCM, methods based on cell sorting could be advantageous for these applications.
Pathway-Level Signatures of Li Treatment Counteract the Molecular Effects of Psychosocial Stress
The expression analyses at the level of single genes ("gene centric" approach) identified highly regional-specific cluster of hundreds of stress-associated genes. This was somehow expected due to the high level of molecular divergence between CA3 pyramidal and DG granular neurons. 60 Interestingly, upon social defeat, network analysis revealed a deregulation of a prominent cluster including several heat shock proteins in DG and CA3 subfields of hippocampus. This response was more evident in DG which is in accordance with previous observations. 62 After Li treatment, we failed, however, to identify significant alterations at the level of individual genes. This could be attributed to a low response at the single gene level and/or masking effects of molecular adaptations in response to Li treatment. Nonetheless, we hypothesized that the efficient rescue of the stress mediated cognitive impairments by Li should be accompanied by corresponding molecular changes, possibly in a wider extent. Therefore, we performed highly sensitive analyses using the "pathway-level" GSEA approach which allowed us to identify common molecular signatures of stress and Li treatment in the CA3 subregion of the hippocampus. Most prominently, gene-sets encoding proteasomal components and mitochondrial genes related to the electron transport chain (oxidative phosphorylation and complex II/ubiquinone biosynthesis) represented a common signature of stress and Li response in both CA3 and in the DG. Notably, proteasome, mitochondrial, and neuronal deficits have also been detected in frontal cortex homogenates at the level of reduced protein and RNA expression in laser captured and microdissected DG granule neurons from postmortem samples of schizophrenia patients. [68] [69] [70] Still, it may be possible that the findings from human studies on postmortem samples potentially represent agedependent secondary compensatory mechanisms. Altar et al. 68 mentioned that it remains unclear whether hippocampal CA3 neurons show similar reduction in gene expression as described for DG granular cells. If so, the authors speculated, that drugs increasing expression of these gene sets may better address at least some of the core deficits of schizophrenia, like cognition and attention deficits. This assumption is challenged by our study. Although we detected a similar set of core pathways, the molecular changes in CA3 are showing opposite directions compared to those in DG.
Chronic psychosocial stress increased while Li treatment reduced gene expression levels of the corresponding pathways. Thereby, Li counteracted stress-induced molecular alterations which, directly or indirectly, led to cognitive impairments. Nonetheless, our study together with other observations [68] [69] [70] support the assumption that mitochondrial and proteasomal pathways are indicators of psychosocial stress in the hippocampus and that the corresponding gene-sets serve as biomarker of treatment responses by Li, a drug applied clinically to treat bipolar disorder. The precise molecular mode of action of lithium is unknown but pleiotropic effects targeting glycogen synthase kinase-3 (GSK-3) and Wnt/beta catenin signaling, BDNF, and molecular clock genes were reported. 28, [32] [33] [34] Broadly acting mechanisms have been described such as an reducing the increased cerebral protein synthesis levels in Fmr1 null mice. 71 Moreover, Li likely operates via rapid proteasomal degradation of the orphan nuclear receptor Rev-erbα, a negative component of the circadian clock that coordinates metabolic and circadian pathways, 72 and is involved in learning and memory processes. 73 Thus, the critical pathways detected in our study may converge back on transcriptional control systems including circadian clock and cognitive modulators.
Taken together, our findings prove a beneficial role for lithium treatment as a preventive therapy attenuating negative effects of psychosocial stress on cognition, rebalancing the molecular pathways disturbed by stress.
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